Introduction
The biological activity of organotin(IV) compounds is well known owing to their practical applications as fungicides, bactericides, biocides and pesticides [1, 2] . However, one of the fields that have been more studied and reviewed is the activity of such compounds against cancer [1, 3] . The organotin(IV) compounds that were first tested were those that were available or easily synthesized, like tri-or diorganotin(IV) halides. It was reported that diorganotin (IV) oxides and hydroxides, which either contain tinoxygen bond or are capable of forming such a bond upon hydrolysis, have antitumor potential [4, 5] .
Diorganotin(IV) compounds, R 2 SnCl 2 are often tetrahedral, and when appropriate nitrogen-chelating ligands are co-ordinated to the central metal, octahedral complexes R 2 SnCl 2 . L (L=bidentate ligand) are obtained [6] . Diorganotin(IV) compounds structurally resemble the active platinum compounds, i.e. cisplatin and carboplatin, and consequently a large number of such complexes have been tested for antitumor activity. Three primary factors are involved in the structure-activity relationship for organotin (IV) derivatives R n SnX 4−n (L) x : the nature of the organic group R, of halide or pseudohalide X, and of donor ligand L. Examination of the structures of organotin(IV) com-pounds containing a N-donor atom when tested for antitumor activity revealed that in the active Sn complexes the average Sn-N bond lengths were >2.39A°, whereas the inactive complexes had Sn-N bonds <2.39A°. This implies that predissociation of the ligand may be an important step in the mode of action of these complexes, while the coordinated ligand may favour transport of the active species to the site of action in the cells, where they are released by hydrolysis [1] . A structural correlation with biological activity for diorganotin(IV) complexes has shown that active species are associated with complexes having Sn-N bonds longer than 2.39A°which in turn determines the formation of a tin-DNA complex [7] . In view of these, a series of diorganotin(IV) dichloride complexes of N-(2-pyridyl-methylene)arylamine (nitrogen chelating ligands) have been synthesized and characterized on the basis of IR, NMR and 119 Sn-Mössbauer studies [8, 9] [8] [9] [10] . The data suggest that the n Bu 2 SnCl 2 . L 2 has better antiproliferative and antitumor activity than the other two but it shows higher toxicity to mice [9] . It was shown earlier that the antitumor activity of Et 2 SnCl 2 . L 2 was improved after depleting endogenous glutathione (GSH) by buthionine sulfoximine (BSO) [10] , however, such treatment did not show any effect with n Bu 2 SnCl 2 . L 2 [9] . Therefore, the present study was carried out to investigate the comparative anti-tumor and anti-proliferative effect at dose much below than the LD 10 , respectively. However, an attempt was made to improve the antitumor potentiality of these diorganotin(IV) compounds by combining it with X-rays instead of increasing the dose of diorganotin(IV) compounds. It has been observed previously that the radiation and chemical combined therapy has led to improved local control and disease-free survival [11] . Furthermore, the involvement of proteins that regulate cell cycle and apoptosis was investigated to elucidate the mechanism of their action. 
Materials and methods

Diorganotin
Collection of human blood and treatment
Heparinized peripheral blood from five healthy male donors was used immediately after venipuncture. The lymphocytes are in G 0 stage. Rules of 'Ethical Guidelines for Biomedical Research on Human Subjects' of the Indian Council of Medical Research, India were followed in all the experiments. One of the three diorganotin(IV) complex (2 μg ml . All the samples were kept at 37°C for an hour after irradiation to allow normal cellular repair before setting up cultures in RPMI 1640 medium supplemented with 10% heat inactivated fetal calf serum following phytohaemagglutinin stimulation and incubated at 37°C. To obtain differential sister chromatid staining, 5 μg ml −1 5-bromodeoxyuridine was added to the cultures at the time of initiation. Cells were harvested at 72 h and colcemid (0.1 μg ml
) was added 3 h prior to that. Cells were treated with prewarmed (37°C) hypotonic solution (0.075 M KCl) for 15 min and fixed in acetic acid and methanol (1:3). Slides were prepared by air drying method.
Differential staining
Differential staining was carried out following the method of Goto et al. [12] . Slides were treated 10 min with Hoechst 33258 (50 μg ml −1 ) at room temperature in dark, rinsed in distilled water, mounted in 2× SSC (NaCl-Na-Citrate, pH 6.8) and kept in sunlight for 30-40 min depending on the intensity of sunlight. After rinsing in distilled water, slides were stained in 2% Giemsa (BDH Chemicals, UK) for 3-4 min, air-dried and mounted on synthetic medium.
Antitumor activity
The antitumor activity of diorganitin(IV) compounds was assessed in Dalton's lymphoma (DL) cells, in a different set of experiments using 2-3 months old male Swiss-albino mice. They were maintained in the laboratory in community cages in controlled-temperature room (20°±2°C), with controlled lighting (12 h light/12 h dark). Standard mouse diet (NMC Oil Mills Ltd., Pune, India) and water ad libitum were used in all experiments. The rules of the Institutional Animal Care and Use Committee were strictly followed during the whole experiment and steps were taken to protect the welfare of the experimental animals. An inoculum size of 10 6 cells per mouse was used, and the animals were maintained by serial intraperitoneal transplantation. The day DL cells were transplanted was considered day '0'; diorganotin(IV) compound (5, 10 and 20 mg kg −1 ) was administered on the first, fifth and ninth day. In case of radiation, 10 6 Dalton's lymphoma cells were irradiated with 1.5 Gy with Faxitron Cabinet X-ray Systems at the dose rate of 1.5 Gy min −1 and then transplanted intraperitoneally.
While diorganitin(IV) compounds was given in the combined treatment, the lower concentration (5 mg kg
) was administered on the first, fifth and ninth day after transplantation of 1.5 Gy irradiated Dalton's lymphoma cells.
Western blot analysis
The expressions of p53, p21 and Survivin proteins after diorganotin(IV) treatment was analyzed by immunoblotting. Lymphocytes were isolated by density gradient centrifugation in Histopaque (Sigma) as described by McFee et al. [13] . The monocyte cell layer was washed in phosphate-buffered saline and about 2×10 6 viable lymphocytes were added to 1 ml RPMI culture medium in a sterilized small flat bottom 25 ml glass beaker. Diorganotin (IV)-treatment was given for 2 h and during treatment the samples were kept at 37°C. Cells were lysed 6 h after the treatment in radioimmuno-precipitation buffer (0.1% SDS, 2 mM EDTA, 1% NP-40, 1% sodium deoxycholate, 50 mM sodium fluoride and 100 U/ml aprotinin). After 30 min of incubation on ice, the cell lysates were centrifuged for 15 min at 4°C and the amount of protein was determined using the bicinchonic acid protein assay [14] . Equal amount of protein (60 μg) from each sample was loaded in each well, and equal loading was verified by immunoblotting with actin antibodies (anti-actin ACTN05; Neo-Markers). Electrophoresis was performed in 12% polyacrylamide separating gel and 5% stacking gel. Proteins were transferred to a 0.45 μm nitrocellulose membrane (Sigma) following the standard protocol. The membranes were probed with a 1:1,000 dilution of a mouse monoclonal antibody against p53 Ab-8 and anti-p21 Ab-6 (NeoMarkers). Blots were washed three times for 10 min each in TBST buffer pH 7.6 (1 M Tris Cl, 5 M NaCl and 0.05% Tween 20) and incubated with secondary antibody (alkaline-phosphatase conjugated anti-mouse IgG, 1:2,000; Bangalore Genei, Bangalore, India) for 1 h at room temperature. After extensive washing, the blot was immersed in 4 ml substrate solution of BCIP/NBT (Bangalore Genei, Bangalore, India). Sufficient staining was obtained within 15 min. The whole experiment was repeated twice.
DNA fragmentation assay
The day Dalton's lymphoma cells were transplanted was considered day '0'; diorganotin(IV) compound (5 mg kg −1 )
was administered on the first, fifth and ninth day. In case of radiation, 10 6 Dalton's lymphoma cells were irradiated with 1.5 Gy with Faxitron Cabinet X-ray Systems at the dose rate of 1.5 Gy min −1 and then transplanted intraperitoneally.
While diorganitin(IV) compound was given in the combined treatment, it was administered on the first, fifth and ninth day after transplantation of 1.5 Gy irradiated Dalton's lymphoma cells. On 10th day the cells were harvested at different timepoints, washed once with ice-cold PBS, and resuspended in 250 µl lysis buffer [10 mM Tris-HCl, pH7.6, 20 mM EDTA, pH 8.0 and 0.5% (w/v) Triton X-100]. After centrifugation at 12,000 rpm for 5 min, the supernatant was extracted once with phenol/chloroform (1:1) and once with chloroform/ isoamyl alcohol (24:1). DNA was precipitated with sodium acetate (pH5.2) at −20°C overnight. The DNA was then pelleted and subsequently digested with DNase-free RNaseA (Amersham Biosciences UK Ltd., Little Chalfont, Buckinghamshire, UK) at 37°C for 20 min. The extracted genomic DNA fragments were fractionated by 2% agarose gel and were further visualized by ethidium bromide under UV-light.
Scoring and statistical analysis Slides were randomly coded. For scoring cell cycle kinetics, metaphases from human lymphocytes were categorized as in first, second and subsequent division cycles based on their differential staining patterns. Chromosome aberrations (CAs) were scored from first cycle metaphases (M1) only and they were: exchanges including dicentrics and rings (with or without fragments); deletions and chromatid breaks. Statistical significance of the difference between control and treated groups for the frequency of M1 cells and aberrant metaphases, was evaluated using 2×2 contingency χ 2 -test.
Results
For scoring cell cycle kinetics in human PBLs, metaphases were categorized as in different cycles based on their differential staining pattern. It was possible to distinguish unequivocally the number of divisions in the presence of BrdU. Cell cycle progression and CA were scored simultaneously and the data are presented in tabular form. Negative control data are also shown. For antitumor activity, low doses of (5 mg kg −1 ) diorganotin(IV) compounds were used.
Effect of diorganotin(IV) complexes and X-rays on cell proliferation
Diorganotin (IV) complexes and 1.5 Gy X-ray induced first cycle metaphases (M1) in human PBLs were studied as positive controls to diorganotin (IV) complexes+X-ray treated samples and the data are presented in Table 1 . Delay in cell cycle progression was measured in terms of increase in the frequency of first-cycle metaphases (M1) following treatment in comparison to that of untreated controls. Basic cell cycle progression varied among the donors and therefore, the mean data can be considered to measure the delay in cell cycle. X-rays alone and each diorganotin(IV) complexes alone induced significant delay in cell cycle. The extent of delay induced by OTC-3 was the most among the three tin-complexes diorganotin(IV) at 72 h harvested samples. The amount of delay induced by both OTC-1 and OTC-2 was almost similar. This induction of delay in cell cycle was increased significantly while when combined treatment of diorganotin(IV) complexes and X-rays was given together. The highest induction of delay was shown while when radiation combined with OTC-3.
Effect of diorganotin(IV) complexes and X-rays on CAs
The induction of CA by the present diorganotin(IV) complexes was low and showed almost similar in frequency, however the induction was significantly more while 1.5 Gy X-rays was combined to diorganotin (IV) complexes (Table 1 ). These diorganotin(IV) complexes mostly induced chromatid breaks without any exchanges and in case of X-rays alone deletions and exchanges were induced predominantly. In the combined treatment the frequency of aberrant metaphases and all types of aberrations was increased. The maximum enhancement of exchange aberrations was shown with OTC-3.
Antitumor activity
The treated/control values are shown in Table 2 . Data indicate the T/C value was improved in a dose dependent fashion for both OTC-1 and OTC-2 but for OTC-3 the lower concentration was better since at higher concentration 11 mice were died prematurely. However, the T/C value was improved significantly for all the diorganotin(IV) complexes while combined with 1.5 Gy X-rays. The Xrays alone also showed high activity on DL cells. The T/C value was 140% when 1.5 Gy was given only once to DL cells. The best value of T/C was shown while radiation combined with OTC-3.
Apoptosis induction
To validate the apoptotic induction from treatment of diorganotin(IV) complexes, DNA fragmentation analysis was performed in Dalton's lymphoma cells. A typical laddering pattern, which is believed to occur at the later stage in apoptosis, is shown in Fig. 1a and b . The laddering pattern is only seen after 24 h of treatment with OTC-3 alone or in combination with 1.5 Gy X-rays. This experiment was repeated twice.
Western blot analysis
Representative results of the Western blot analysis are illustrated in Fig 1c. β-Actin was included as an internal indicator in all analyses to control for potential discrepancy in sample loading. The level of p53 and p21 proteins were more in the OTC-3 treated sample than OTC-1 and OTC-2 treated sample. In case of surviving protein the level was more in OTC-1 and OTC-2 treated sample than OTC-3. The level of all the proteins was analyzed after 6 h of treatment.
Discussion
This study was carried out to evaluate the comparative cytotoxic and antitumor effect of the diorganotin(IV) complexes (methyl-, ethyl-and n-butyl) at lower concentration with or without X-rays in combination. In the previous study, it was shown that OTC-3 has better antiproliferative and antitumor activity than OTC-1 and OTC-2, however, it showed more toxicity since the dose used was very close to its LD 10 value [9]. The present study demonstrated that 5 mg kg −1 diorganotin (IV) complexes could block the cell cycle progression significantly and also demonstrated its potential as an anticancer activity. Like earlier studies [9] OTC-3 showed better antiproliferative and antitumor activity than other two diorganotin(IV) compounds (OTC-1 and OTC-2). In order to improve the efficacy of the diorganotin(IV) compounds at lower doses in treating cancers the treatment of diorganotin(IV) compounds is combined with X-rays. It was shown that in the combined treatment, the frequency of M1 cells and all types of aberrations was increased. The maximum enhancement of exchange aberrations was shown in the combined treatment with X-rays and OTC-3. Exchange aberration formation is thought to arise as a consequence of illegitimate reunion (misrejoining) of free ends from different DNA double strand breaks (dsbs) [15] . Therefore, it seems that OTC-3 induced DNA dsbs interact better way to the DNA dsbs induced by X-rays and therefore induced more delay in cell proliferation. Diorganotin(IV) complexes inhibit the DNA synthesis of spleen cells in mice [16] and decreases the proliferation of human B lymphocytes [17] . Owing to the structural similarity of these diorganotin(IV) complexes to cisplatin, it could be that these diorganotin(IV) complexes like cisplatin crosslinked to the N 7 position of two consecutive guanine molecules in DNA and distort the DNA double-helix. It has also been demonstrated that dimethyltin(IV) dichloride form adducts with adenine, 9-methyl adenine and adenosine [18] . Moreover, due to structurally advantages of the present diorganotin(IV) complexes, particularly increased bond-length of Sn-N bond, it could be inferred that these compounds could bind on DNA more easily.
In the attempt to elucidate whether these compounds might affect genes playing a role in G1/S phase transition, the expression of p53 and p21 (WAF1), mainly involved in response to DNA-damaging stress [19] , were analyzed by immunoblotting. It is well known that nuclear phosphoprotein encoded by the tumour suppressor gene p53 is a crucial component of the cellular pathways that are invoked in response to DNA damage. In the present study, the level of p53-protein was raised after treatment with diorganotin(IV) complexes and the induction was maximum in the OTC-3 treated sample. The level of p21 was also enhanced equally and significantly in all the treated samples. Therefore, present data indicate that significant increase in p21 in unstimulated Go lymphocytes could be a factor responsible for diorganotin(IV)-induced cell cycle arrest.
The increase of exchange aberrations in the combined treatment is important since such aberrations carrying cells may die apoptotically [20] . To examine the pathway of antitumor activity of diorganotin(IV) compounds DNA fragmentation analysis were, therefore, carried out here in Dalton's lymphoma cells. The results indicated that both OTC-3 alone or in combination with X-rays triggered apoptosis in Dalton's lymphoma cells 24 h after the treatment. Stridh et al. [21] demonstrated that tributyltin and triphenyltin could kill target cells by triggering apoptosis in human Hut-78 and Jurkat T-lymphocyte cell lines by increasing caspase activity. The present apoptosis induction could be a p53-dependent signaling pathway since the level of p53 was found to be the most promising in OTC-3 treated cells in human lymphocytes. It has been reported that p53 can act as a trans-activator or repressor for a set of pro-or anti-apoptotic genes. Survivin is one of such target genes [22] known as inhibitor of apoptosis protein, which plays a key role in the regulation of apoptosis and cell division [23] . We have demonstrated that the upregulated expression of p53 caused a significant down-regulated transcriptionally repression of Survivin in OTC-3 treated human lymphocytes. Therefore, it may be possible that cells may die apoptotically after inducing initial delay in cell cycle and thereby survivality of mouse bearing DL cells was increased significantly in X-rays and OTC-3 combined treatment.
The present anti-proliferative property of all these diorganotin(IV) complexes alone or in combination with X-rays could increase the survivality of mouse bearing Dalton's lymphoma cells. It has been observed that diphenyltin(IV) compound inhibited the tumor growth in mice bearing Ehrlich ascites tumor cells [24] . Earlier studies with these diorganotin(IV) complexes showed its potential to increase the survival of mice bearing DL and demonstrated its antiproliferative ability [9, 10] . The trypan blue dye exclusion assay in the previous study showed that OTC-3 induced cell death was highest in frequency than other two organotin(IV) compounds [9] . In this study better antiproliferative and apoptosis-inducing ability of OTC-3 made it a better compound having higher antitumor potentiality than OTC-1 and OTC-2. A quantitative structureactivity relationship explained that the tendency to obtain condensed R n Sn(IV)-DNA as a function of the lipophilicity increases in the series Me<Et<n-Bu [25] . Therefore, it seems that by better binding of OTC-3 with DNA, it induces higher DNA damage and delay in cell proliferation. In this study, all the three diorganotin(IV) complexes has been tested for genotoxicity since there is a regulatory requirement for such testing using a number of different end-points before new drugs are released [26] . However, the mechanism of action of OTC-3 could be different since in the previous study it was shown that the endogenous GSH level has no influence on OTC-3 action [9] and in the present study it was demonstrated that only OTC-3 could induce apoptotic cell death but not the OTC-1 and OTC-2.
